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Introduction 

This thesis deals -v/ith the measurement of the thickness of an 
oxide coated metal alloy using microwave techniques. The present work 
deals with the development of a practical device to meeisure the thick¬ 
ness to within an error of plus or minus one micron, without the oxide 
layer greatly influencing the accuracy of measurement. 

The samples to be measured are rectangular nickel alloy plates on 
the order of -g- inch wide by 1 inch long. The initial thickness may 
Vciry from approximately .01*' to as much as 0.25”. These samples are 
to be subjected to high temperature oxidation as would be found in 
the walls of a rocket engine and then measured for deterioration of 
the metal thickness. In this way better alloys can be developed for 
use in rocket engines, as the change in thickness of the metal is an 
indication of the strength of the alloy. 

Presently angle lapping is used for this purpose. However, it 
has three major disadvantages. First it is time consuming and expen¬ 
sive. Secondly it is destructive of the sample, and thirdly there is 
no possibility of being able to monitor the sample while it is in the 
temperature test chamber. 

Laser optics which could certainly provide the necesseiry accuracy, 
can not be incorporated because of the existence of the opaque nickel 
oxide layer on the surfaces of the samples. Because of the essentially 
transparent nature of most metal oxides to microwave energy, it appear¬ 
ed that a microwave system might be of greatest use. 


* Work performed under the auspices of the National Aemautics and 
Space Administration 
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The solution proposed in this study malces use of a microwave 
bridge and phase detector to measure the phase change introduced in 
one arm of the bridge corresponding to the change in thickness of the 
metal portion of the sample. Furthermore, by making the bridge asym¬ 
metric and sweeping the frequency of the source, the detectors can 
always be operated in the high level mode insuring a high signal to 
noise ratio which has made possible phase measurements corresponding 
to an accuracy of thiclcness on the order of 0,5 microns without the 
use of statistical averaging. Also this method yields a direct digit¬ 
al readout of thickness which with the ease of calibration makes this 
device suitable for use by semiskilled operators. By utilizing a 
specimen mount which "looks" at both sides of the sample, the thick¬ 
ness measurement Cein be made independent of the position of the sample 
over a given range. This quality is necessary when oxide growth pro¬ 
hibits positioning the sample in the exact same spot. Since the sam¬ 
ple is tested in a closed waveguide system and radiation is minimized, 
the minimum sample size that can be utilized is equal to the lateral 
dimensions of the waveguide. Because of these qualities it may be 
possible to utilize the system directly in the furnace, to provide a 
continuous monitoring of metal degradation. 



Chapter I - Microwave Systems Applicable to the Problem 


A. 


Amplitude System 

A System described by Beyer^ for thickness measurement is shown 


in Fig. 1, 




rCcit-^dO 


Amplitude System of Thickness Measurement 
Figure 1 

This arrangement provides for the measurement of the thickness 
of the sample by double reflection of radiated microwave signals. 
Microwave energy is radiated at both faces of the sample. The re¬ 
flected waves are related to the incident waves by the complex re¬ 
flection coefficients T7 and , and these depend in phase and 


J. B. Beyer, A Microwave Method for Thickness Measurement, master^s 
thesis, 1959 
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aiaplitude on the relative distances d, and d^^ . Hence the phase and 
amplitude of the reflected signals contain information directly re¬ 
lated to the distances d, and d^^ . By detecting the amplitudes of 
the reflected signals and adding them it is possible to derive an 
output which is linear with thickness change but essentially independ¬ 
ent of position of the sample. The major difficulty with this method 
tov;ard measurement of small samples is that it utilizes radiation to 
obtain an indication of distance and thus assumes a sample of large 
area with respect to the wavelength. Leakage around the edges of the 
sample and reflections from nearby objects would prohibit its use in 
the measurement of the sample’s thickness. A phase system using this 
basic idea would suffer from the same problem. 
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B. Cavity Frequency I-iethod 

This method is presented as another possible scheme for accom¬ 
plishing the desired goal. The method shown in Fig. 2 uses two cavi¬ 
ties tuned to slightly different frequencies f, and f. The metal 
sample forms one wall of each of the cavities. As the thickness 
of the sample varies, the resonant frequencies of each of the cavi¬ 
ties will also vary accordingly. By using a sweep generator or some 
other form of voltage controlled oscillator to feed both cavities, 
and by looking at the difference in amplitude outputs, a zero cross¬ 
ing may be obtained whose position with respect to the start of the 
sweep in the time domain, xht, is an indication of the thickness of 
the sample,If the sample changes position, the zero crossing will 
remain fixed since one peak will increase while the other will dec¬ 
rease, A time integral counter may be used to provide a digital read¬ 
out. Since only the zero crossing is used, amplitude stability of 
the source would not be a consideration. And by utilizing cavity dips 
rather than peaks, the detectors could always be operated in the high 
level region at the zero crossing and thus the noise level at the zero 
crossing could be minimized. 

Although this method was not attempted, it would appear to have 
several difficulties. Frequency stability of the oscillator which may 
have to be varied in frequency over a wide range may be a problem as 
well as linearity of the cavity frequency with sample dimensions. The 
major difficulty however, would be the question of how to position the 
sample within the cavity system and how to obtain access to it. And, 
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of course, a system such as this could not be utilized vrith the 


sample in the furnace. 



Cavity Frequency Method of Thickness Measurement 


Figure 2 
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C. Phase Systems 

1. Introduction 

A metoil sample when placed in or at the end of a waveguide will 
change the path length a signal has to traverse in that guide. This 
change in path length will change the phase of the signal which can 
be later compared with a reference to give an output proportional to 
the thiclcness of the metallic sample. In order to develop a phase 
system usable for thickness measurement then, the system must first 
be capable of measuring the amomt of phase change which would corre¬ 
spond to the desired measurement of thickness change. Thus various 
schemes for phase measurement only are discussed below. 

2. Single Sideband Homodyne 

A single sideband homodyne system has been described by King^ 
which provides simultaneous real-time amplitude and phase measurement. 
In the system a reference and an information channel are derived from 
a single CW source. The information channel contains the unknown. 

One channel is modulated to produce SSB and is then compared with the 
other channel in a nonlinear detector. The output of this detector 
contains phcise information at the modulation frequency which can then 
bo compared with the reference modulation frequency to extract the 
phase information. The detector amplitude output is proportional to 
the amplitude of the information channel, so simultaneous phase and 
amplitude measurement of the vinknown is possible. King in his error 


2 


R. J.Xing, Real Time Measiorement of I>iicrowave Parameters and EM 
Fields, unpublished paper. 
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analysis of the single sideband homodyne system has sho-wn that the 
effect of the residual opposite symmetrical sideband can not be 
eliminated by operating at high levels or by using balanced detectors 
as can the other residual harmonics of modulation. Thus the accuracy 
of such a system is dependent on the suppression of the opposite 
sideband in the modulator. King has shown that in previous literature 
unwanted sideband suppressions in excess of 40 DB have been obtained 
by some experimenters. According to King, this would correspond to 
a phase error of 0,573 degrees. As is shown later, this corresponds 
to a thickness change in a reflection system of 34 microns. Because 
of the complexity of the equipment and the lack of necessary accuracy 
this system was not considered as a practical approach to the problem. 
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3. Bridge Null Method 

A system of phase measurement which is attractive in its simplic¬ 
ity is the bridge null method, one form of which is shown in Fig. 3» 


VARiAgLE VARiA&i-e 

ATTE^/^»AT£>!s piMSE SHlrTBK 



Figure 3» 

Power from a CW source is divided into two arms of a bridge. 

V/ith a reference in the position of the unknoivn, the bridge is bal¬ 
anced for a null at the detector (corresponding to a 180 degree phase 
difference and equal amplitudes) using the phase shifter and attenua¬ 
tor. The reference is replaced with the unknown and the bridge again 
adjusted for a null. The difference in readings on the phase shifter 
corresponds to the phase shift through the unknown. The system is 
limited in accuracy by the frequency stability of the source assuming 
the arms of the bridge are not synaaetrical, the dynamic range of the 
detector, leakage signals to the detector, and accuracy of the phase 
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shifter. The source can be phase locked to a crystal controlled ref¬ 
erence to provide the necessary stability, the dynamic range of the 
detector can be improved by utilizing a superheterodyne receiver and 
by low noise preamplifiers. And the leakage signals can be minimized 
by good constiniction practices. However, the accuracy of available 
mechanically ttineable phase shifters would not permit phase measure¬ 
ments below a few tenths of a degree with any accuracy. Thus a more 
accurate phase shifter is needed for this system to realize its full 
potential. 

4. Phase Sweep Null Method Using a Varactor 
Gardner^ obtained the measvirement of a 0.003 degree phase shift 
in a plasma using a varactor diode as a reference phase shifter with 
a linear phase shift versus bias voltage. The varactor v;as swept in 
phase with the linear ramp voltage of an oscilloscope sweep circuit. 
The output of the bridge passes through a null vdien the reference arm 
signal differs in phase from that of the test arm by 180 degrees. By 
differentiating the output, a signal is obtained which passes through 
zero at the minimum of the bridge output. A second oscilloscope sweep 
circuit is triggered by the differentiated output. The time is then 
measured between the start of the first scope*s sweep and the gate 
pulse of the second scope. The difference in the measured time is 
proportional to the phase difference in the two arms of the bridge. 
This method was shown to be capable of phase shift measurements of 
less than 0.1 degrees. By chopping the plasma and using a gated 

^ A. L. Gardner, Rev. of Sci. Instr., Jan. 1966, p 19 




Page 11 

integrating circuit which alternately added and subtracted'the result¬ 
ing signals from 5 nillisecond samples before the end of each half 
cycle, a type of synchronous detection was obtained which along with 
statistical analysis permitted a phase shift of 0.0032 degrees to be 
measured with an accuracy of plus or minus 0,0003 degrees. 

One of the diffic\J.ties with Gardner’s method of phase measure¬ 
ment is its requirement of a linear varactor diode phase shifter. 
Gardner and Hawke^ describe some of the difficulties associated with 
the construction and adjustment of such a device. With effort a 
reasonably linear response can be obtained. However the high VSVffl 
of such a device (Gardner and Hawke had a VSV/R of approximately 7 to 
1) may produce additional errors in the bridge system. Another dif¬ 
ficulty lies in the fact that diode bias will vary with applied RF 
power, and that the diodes are limited in power rating. Besides the 
difficulty arising from another possible error, the dynamic range of 
the system may be limited. This is veiy important in a null detec¬ 
tion scheme such as this. The dynamic range could be extended through 
the use of a preamplifier at the detector. However, the synchronous 
detection technique which was implemented in the plasma medium may be 
impractical in a device to measure the relative thicknesses of metal 
samples. 

4 

A, L. Gardner and R. S. Hawke, Rev. Sci. Instr., p.23« Jan. 1966. 
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Chapter 2 - Frequency Sv/ept Asymnetric Bridge Ifethod 
A. General Description 

A microwave bridge with one arm longer than the other will be 
sensitive to frequency changes at the soiurce. This can be used to 
advantage in phase raeasureiEent if the frequency of the source can be 
carefully controlled. Such a system is shown in Fig. 4» The micro- 
wave source is phase locked to a harmonic of a crystal controlled 
oscillator to provide a stable frequency. The linear sweep output 
of a scope is injected into the phase locked loop. Thus the fre¬ 
quency of the source is made to vary linearly with the sweep output 
of the scope. A magic tee at the output of the bridge with two detec¬ 
tors and a differential amplifier form a phase detector. A phase 
shifter in one arm of the bridge is used to initially balance the 
bridge at some arbitrary point in the middle of the frequency sweep. 

As the frequency of the source is swept in time, phase accumulates 
in the longer arm of the bridge and the phase detector output varies 
with it. If the phase detector is also linecir, the detector output 
will vary linearly with the frequency of the source. Any change in 
one arm of the bridge will vary the phase detector output and thus 
the time period from the start of the oscilloscope sweep to the time 
of the zero crossing of the phase detector output. By starting a 
time interval counter with the sweep gate and stopping it with the 
zero crossing, a digital readout of phase can be made. Assuming that 
the frequency of the source is varied linearly, that there are no 
error voltages due to reflections at discontinuities, and that the 
phase detector output is linear, the digital readout will be linear 
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with phase change, A rough check on the total linearity of the system 
can be made through observation of the scope display. An example of 
a typical scope display for the readout of a relative phase shift 
is shown in Fig. 


PHASE PETECToR 
a VTPUT 



Figure 5. 

The relative phase shift is proportional to t-t ^, the difference in 
times between zero crossings. 



u u 
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A null detector could also be used with this system as is shovm 
in Fig. 6. 



Figure 6. 
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The jnajor difficiilty with the null detector is its limited 
dynamic range. As can be seen in Fig. 7, the DC signal to noise 
ratio improves drastically when the detector is operated at high 
levels. The previously mentioned detector uses this to advantage 
to obtain a much more accurate indication of balance by always op¬ 
erating in this high level region. Thus in the laboratory design, 
the null detector was not utilized. 


Yn 



Out put 

VOCTA&E 


Signal to Noise Measurement versus Output Voltage Amplitude 

Figure 7, 
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The frequency swept asymmetric bridge system is readily adapted 
to measuring changes in distance since a change in length of one arm 
is essentially the same as changing the total phase accumulation in 
that arm. A sample holder for accomplishing this is shown in Fig. 8. 



Metal Sample Holder 
Figure 8. 

Two ferrite circulators are utilized to ’’look" at both sides of the 
metal sample. Thus translational movement of the sample will not 
effect the total path length. The total path length is sensitive to 
the thickness of the sample, and thus the change in total phase shift 
through the sample holder is proportional to twice the change in 
thickness of the sample. A total set up for thickness measurement 
is shown in Fig. 9. The phase shifter is used to initially set up 
the phase detector for a zero crossing for a reference saii 5 )le, 
(calibrated gage block^ Thickness change is then measured by the 
following procedure. For the reference sample the time t^^-tj (see 
Fig. 5) is measured. Then with the reference replaced by the unknown 
the time difference is again measured. The difference between these 
two time intervals is then a measure of thickness as will be shown 
quantitatively in section B. 
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The amount of phase shift corresponding to a given thickness 
change of sample placed inside a waveguide can be calculated using the 
guide wavelength.^ 


- 


•^O 




where X^=4-.';7c»» and = 3. o V-c... i’or ^ c/^ g'y 


Hence, -y, _ ^ 66S')"- 

Since 1 micron = 10 cm. andV.OVcm = 360“, the phase shift correspond¬ 
ing to a given thickness change is 


3. o V- c 


3 60 


. 0 V c * ■ 


i C V'Otl 


— . 0 o S' 2- A,; c r- 


O »7 


Hov;ever since the reflection from the sample doubles the path 
length, a factor of 2 must be included. 


Thus; 


. 01 6r 


I 


Wl I C ^ 0 VI 


A. L. Lance, Introduction to Microwave Theory and Measurements. 

1964, p.88 




B. Theoretical Analysis 
1. Bridge Analysis 
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BRIDGE PHASOR DIAGRAM 


Figure 10, 

The microwave bridge and its associated phasor diagram are shov.’n 
in Fig. 10, In each arm of the bridge phase will accumulate according 


to the equations: 




V/hen 'y 9'0°-+- (|>^ the bridge is unbalanced initially. The phase 
difference between the two arms at the detector will be; 

\'le wish to make ~ cj>, ^ IT by changing UJo ^ • 


Thus, 



Therefore ^ 
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If 6v; is swept linearly in time then, the time (or the count) 

_ r. (r _ 


is also related by to -’t =• ^ • 

Thus the time is directly proportional to the offset phase angle 

and inversly to the path length difference. 

Here we wish to alter path ✓^ 2 _by where ^ is the 

change in sample thickness. This changes & by 2./3 aX 

however, for small the factor is virtually unchanged. 

Hence the new time to zero crossing (or the new count) is; 

(a -t- 2.-^) 


yk ^ ^ 

^ ^ e vv 




-2, 


and the time difference (between the reference gage block and sample) 


is: 


t o/i’-f-/ — 


^TT ^ 




-^0 -^3 
C ^ rr zrs ^ 

-^3 C ■^■ 2 . 


k 


Thus 


i •C'f 


y c ys .0 

-x?) 


__ rz-fa 






For fo = 'y. ^ and A ^ ^ 


zi -f (?'< -'-f-f 
^ A 


9 7 KHit 

*1 C »- O Vl 
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Let us assume that we wish to measure the change in length of 


the second arm of the bridge. Therefore: 

/ . - and let ^ 


X, ^ X,'‘ ^ ^ 




where is the change in length of the second arm. 

Now let us add the effect of the scope sweep on the frequency of the 

sovirce. Let the rate of sweep be: ^ = fc , f / '\ 

A-t ^ 


Thus 


r^'' t" 

J f l<, M 

u.’ 4 / 


and 




A diagram of this is shown in Fig. 11. 



SCOPE DISPLAY 


Figvure 11 
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Since 

' ~ 



Then 

Uy — 

1 1 

(1 

1\ 

t10 

Assume 


/ 


Then 

L^c ( 

' X. ) - 


But ' 

11 




Therefore UJc. (^\ — ^ 

^ I / 




And 



Therefore ^ Jl — 


k, 0 

Uy c. 



Thus the change in length of one arm of the bridge is proportion¬ 
al to the difference in time interval measvired from the start of the 
sweep to the individual zero crossings. 
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2. Phase Detector Operation 

A microwave phase detector using a hybrid junction is shown in 

6 

Fig. 12 along with its associated phasor diagram. Assume signal 
"B" to be the reference vector and that it is desired to measure 
changes in the relative phase of vector ”A”. If the phase of vector 
"A" is initially adjusted to be at an angle of 90 degrees with respect 
to "B" in the H plane arm, then it will be at an angle of 270 degrees 
with respect to "B" in the E piano arm because of the extra 180 degree 
phase shift provided by the hybrid junction. The magnitudes of 
phasors A + B and-A + B are equeil. If matched detectors are used 
at the E plane and H plane arms their DC outputs will also be equal. 

If a balanced differential amplifier is used to subtract these two 
outputs, it’s output will be i^ero. If the phase of signal "A" devi¬ 
ates from 90 degrees with respect to signal ”B" the relative magni¬ 
tudes of phasors A + B and -A + B will also change and the differential 
amplifier output will be an indication of the change in phase of signal 
"A” with respect to ”B”. Thus the device is a phase discriminator, 
indicating both the magnitude and direction of phase shift. 

A trigonometric analysis of phase detector output can be made 
using the phasor diagram and the law of cosines. 

\A + 3\ ^ 

where ^ = I iro’"- 

and I I I'yl cos V' 

^ J. B. Beyer, A Kicrowave Method For Thickness Mecisurement, master’s 
thesis, 1959 
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Now assume that I A I - j ^ I 

Therefore ■=-^j :;L\Aj "^ ( \ — Cos Cl ^0° - 

- V 2 IaJ ^ C I — CO ‘A y 


Now assume that the detectors are linear, vriiich will be time if 
the signal levels are maintained high enough, and that the differen¬ 
tial amplifier output = D = A ■+ S>\ 

Therefore P = IA | £.1/ |- V' -1/ ' — 

Using the trigonometric identity 2. Si'o^c^ — I — 2. 

V/e have P ~ 2. I A j [i. Si A) — ^ h ( '^/ 0° — 

Using the trigonometric identity _ s I h/S - 1. cos'lJtJ? ^ I 

V/e have D = ^ I -A I [l^C S'O S i' ') 0 
Let ^ ■= 5^0*’+-^'/' where is the relative phase change we wish 

to measure. 

Than O = I 


-Va. 

And for small phase shifts 


Since D is proportional to sih ^ the detector will have less than 1^ 

error in linearity at = zL I or ^ 

One other limitation on the phase detector is its dependence on 
the amplitude of the incoming signal. Since D is proportional to j/\ /, 
the signal amplitude must be carefully regulated to achieve accurate 
results. 

Now assume that the detectors are operated square law, 

I A 2 1 A i "■ L I — CO 5. (rr~ 

~ -i/ 2 1 A I £ I “ COC. 77 CCS ^ -t s )<\Tr 

)a+-&'] ==■ I cos 
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Similarly, [ — A ) "" '2- 


( 1 - V') 


Since the crystals are square law, V(/\^©>'= 2. I { / + CoS- 

and 2l^r(I-Thus, -'^(-A-hi^') = ‘-I'jAj </' 

A diagram of detector output with phase angle is shown in Fig. 13. 

CO':, f I 


PHASE DETECTOR OUTPUT 


VERSUS PHASE ANGLE 


Figure 13. 


Thus the detector is linear when — -2“ -t 
It will be linear to within 1,03% in 15 degrees. 

Thus the linear range of the bridge is essentially doubled by 
operating at signal levels that insure linear operation of the crystal 
detectors. 

O 

For linear operation of the detector ± • This means that 

the initial asymmetry of the bridge, - cZ, , plus the phase shift intro¬ 
duced by the thickness chcUige, must not exceed 90® by more than 

28®. Therefore the absolute maximum thickness change that can be 
measured (assuming the initial unbalance is zero, ^ ) 


is 2. ^ = 2.^ Therefore 


yv /? — Z 9/ Ac 

Zk rt •)< — - ■— 

3 £, 0 ' 


, O 3 X . 




a. lyo; 
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However, in practice the frequency svrept method is more severely 
limited since as shown in Chapter II, section B 1 the required fre¬ 
quency shift is approximately \00 KHz /micron. Hence, the above 
Z'C KMflx corresponds to x lo ^ )( lOo H^ ) = \ V^Z • 

Since frequency shifts of the order of l(?A^h 2 • only are possible, the 
dynamic range is limited to approximately 100 microns, 

3, Error Analysis 

Errors may arise due to reflections from discontinuities at 
waveguide junctions. The error in the phase measurement will vary 
with the angle of the measured vector. This is shown graphically in 
Fig, 14» Assuming linear operation of the detectors and an error 
vector of constant magnitude and direction, the error appearing at 
the detector output is much greater in Fig, 14B than it is in Fig, 
14A» Thus even though the instrument may be used for relative phase 
measurement, errors due to reflections will not cancel out and must 
be minimized for maximum accuracy. This situation holds for both 
linear and square law operation of the phase detector. 
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C. Implementation 
1. Phase Detection 

a. Experimental Apparatus 

The setup shown in Fig. 4 was used to determine the phase accu¬ 
racy of the swept frequency method. Since the accuracy of the system 
can be degraded by error signals created by reflections from mis¬ 
matches, as well as any unbalance in the phase detector, the crystal 
detectors were matched to each other using the attenuators in each 
detector line, and each detector assembly was matched to the line 
using the single stub timers in each assembly. Before this matching 
procedure each detector has a VSWR of approximately 1.1 to 1. After 
the matching procedure each detector had a VSIVR of less than 1.01 to 
1. In addition, the outputs of the detectors were balanced to within 
35^. Also a balanced magic ’'T” was used for the phase detector. The 
entire bridge was tested for balance by noting the positions of the 
two zero crossings on the phase shifter. The nulls were found to be 
within 6 degrees of being 180 degrees apart. 

Other precautions such as securing the waveguide to a rigid 
structure and temperature stabilizing the klystron source were also 
taken. And linearity of the system was checked on the scope, 
b. Results 

The bridge arm length were adjusted as to give a sweep range of 
2.5 degrees as measiired on the phase shifter. In order to obtain in¬ 
formation on the short term accuracy of the system, ten coimts were 
read from the coxmter at a reference position on the phase shifter. 

The maximum variation in counts was noted. Then the phase shifter was 



changed by one degree, a new set of ten counts taken and their maximum 
variation noted. By using the formula below the minimum error of the 
system can be found. 


(Maximum Count Variation)(Phase Shift) 
Count Difference 


Minimum Error 


In using the above method a miriimum error of 0.008 degrees 
phase shift could be obtained repeatedly. This corresponds to a 
minimum thickness error of less than 0.5 microns that wovild be ob¬ 


tained using the sample holder 
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2. Thickness Measurement 

a. Experimental Apparatus 

The bridge set up shovm in Figure 9 was used to determine the 
thickness acciaracy of the swept frequency method of phase measure¬ 
ment. 

Because of the small size of the samples, a problem was encoxint- 
ered vath leakage around the edges of the sample. The oxide layer 
prevents the open ended waveguide of the sample holder to be brought 
directly in contact with the metal of the sample. This prevents 
the sample from approaching an ideal electrical short, and thus also 
contributes to errors due to the lateral positioning of the sample. 

In order to compare various samples they must be able to be removed 
and replaced with ease. This places a requirement on the sample 
holder to have a gap above the sample to permit this movement. Also 
since samples will not all have the same outside thickness, the gap 
will Vciry with the size of the sample. All of these problems present 
errors to the system. 

In order to minimize the errors as much as possible, the sample 
was held to the bottom faceplate of the holder by the force of grav¬ 
ity. Clips were found to be unsatisfactory due to the unconstant 
pressure applied to the samples, the possibility of skewing the sam¬ 
ple in the holder, and the difficulty in changing the sample. 

In order to minimize the leakage errors, the sample was position¬ 
ed in the same place each time by aligning it against two side rails 
at one corner. Microwave absorbing material was placed around the 
sample holder but was found to be lacking. 
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b. Resiilts 

Repeatibility in completely removing the sample and replacing 
the sample was found by first measuring the count difference corre¬ 
sponding to a given phase shift using the phase shifter in the sample 
holder. Knowing that at the frequency of operation .0168 degrees 
corresponds to 1 micron, the number of counts per micron were deter¬ 
mined. Eight replacements of the sample produced a minimum error of 
5 microns. Linearity of the system with sample dimensions was tested 
using three gage blocks. Since the sweep range of the klystron limit¬ 
ed the dynamic range of the readout system, the phase shifter had to 
be used for the measurements. The linearity was found to be within 
the accuracy of phase measxirement using this technique. Thus lecikage 
effects did not grossly affect the linearity of the system. Oxide 
coated samples were available for evaluation, but data on oxide thick¬ 
ness and metal thickness for the given samples were not available so 
no actual correlations of experimental data to known data could be 
made. However, relative measurements between samples were found to 
be repeatable. 
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3. Influence of the Oxide Layer 

Although no information was found on the dielectric constant 
of nickel oxide, the effect of such a dielectric on the accuracy of 
a closed phase system such as the swept frequency asymmetric bridge 
method can be determined. The relationship of the guide wavelength 
in the dielectric to the guide wavelength in air is given by, 

I _ 

i.r where is the guide wavelength in the oxide, 

Ag is the guide wavelength in air, and and £ r- are the 

relative permeability and relative dielectric constant. 

In the oxide the relative permeability is unity, thus the phase 

/ “Ox ^ . 

shift error per micron of oxide is /3 = ^ 

‘ X<icl 

where is expressed in . For the case mentioned earlier 

iXils 0QC0XAQ3 o.oofi'tT. —0 degrees/micron. Since 

the signal is reflected from both sides of the sample the error be¬ 
comes '" =■ O, <P‘I 6 ~ degrees/micron. This effect 

will actually make the sample look thinner since the signals are 
slowed down by the oxide and hence the metal interface appears 
further removed from the antennas. Depending on the value of 6r» 
the oxide layer may have a sizeable effect on the accuracy of the 
system. Depending upon the losses involved with nickel oxide, the 
amplitude system may have an advantage over the phase system in this 
respect. 
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Conclusion 

The frequency swept asynmetric bridge method of phase measurement 
has been shown theoretically to be capable of measuring phase shifts 
over a 56 degree range to within 2% linearity. It has repeatedly 
been shown to be capable of better than .01 degree accriracy in rela¬ 
tive phase shift measurement as well as providing digital readout for 
operator ease. VJith an improved specimen mount it should be capable 
of a comparable thickness measurement accuracy of one half micron, 
while it appears to have an accuracy of approximately 5 microns with ( 

the present system. An oxide layer on the metal sample, however, 
may introduce comparable errors into the system. 
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